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Abstract 


A simple conceptual model relating nutrient losses from forest ecosystems 
to net ecosystem production predicts losses from nutrient-rich forests 
during stand development reasonably accurately, It fails to account for 
wide variations among forests in response to clearfelling, however. 
Modifying the model to include both more realistic controls on ion 
mobility and variable carbon:nutrient ratios in plants and detritus yields 
considerably better predictions of ecosystem nutrient dynamics for forests 
on less fertile sites. 


INTRODUCTION 


My purpose here is to develop a conceptual model of the effects of forest 
growth dynamics on nutrient availability and nutrient losses during forest 
stand development. I will derive predicted patterns of element losses from 

a few admittedly simplistic assumptions, then test these patterns against 
empirical studies to see if the model yields useful insights. Where it fails, 
more complex and realistic assumptions will be incorporated. Finally, the 
utility of such a model for aiding our understanding of the stability of 
forest element cycling will be explored. 


Model Development 


I will start with four assumptions: 
1) Element inputs to a site from the atmosphere and weathering are con- 
stant over the course of stand development, 


2) Biomass (living and dead) is the only major sink for elements which 
varies over stand development. 
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3) Both the growth and decomposition of biomass are so closely coupled 
with element dynamics that carbon:nutrient ratios in biomass are 
constant. 


4) All elements are equally and highly mobile in the soil. 


If these assumptions were correct, element losses from forest ecosystems could 
be predicted from nutrient inputs (which are constant) and the change in bio- 
mass (net biomass increment or net ecosystem production) of the site. ilet 
ecosystem production (net primary production minus total heterotrophic respira- 
tion) changes reasonably predictably as forests develop following disturbance. 
A large negative net biomass increment occurs shortly after disturbance, when 
decomposition is high (due to increased soil temperature and moisture) and 
forest growth is not yet established (ormann and Likens 1979, Covington 1981). 
This relatively brief phase is followed by a more extended period of net bio- 
mass accumulation, during which net primary production exceeds heterotroph 
respiration and both living and dead organic matter accumulate (Switzer and 
Nelson 1972, Kazimirov and Morozova 1973, Peet 1981). Finally, net primary 
production and total heterotrophic respiration should come into an approxi- 
mate balance, and net ecosystem production should stabilize or oscillate near 
zero. This last phase is more a logical expectation than an observed fact, 
although there is some empirical evidence for it (Hinesly 1978, Gosz 1980a). 
Such a quasi-equilibrium is more likely to be observed where small-scale 
forest turnover occurs within the sample area (cf Sprugel 1976, Hartshorn 
1978, White 1979, Sprugel and Bormann 1981), 


These patterns of net primary production and total heterotrophic respiration, 
are summarized in Fig. 1. Many details of these patterns vary among regions, 
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Fig. 1. Patterns of net primary production and total heterotrophic respira- 
tion in a forest following a disturbance such as clearfelling. The 
pattern for net primary production is drawn from Peet's (1981) 
asymptotic model, with constant gross production in older stands; 
the respiration curve is calculated from observed accumulation 
patterns. 
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but the large negative biomass increment after disturbance and the longer 
aggrading phase are general features of forest stand development. 


If carbon:nutrient ratios in biomass were constant (as assumed), then Fig. 1 
would also be a representation of patterns of within-stand nutrient cycling 
during stand development, Element uptake would be a constant fraction of 
net primary production, mineralization and leaching would be a constant 
fraction of heterotrophic respiration, and net element storage or release 
would be a constant fraction of net ecosystem production. With the 
assumption of constant element inputs and high mobility, element 

losses would then be a mirror image of net storage or release (Vitousek and 
Reiners 1975). 


This conceptual model for ecosystem nutrient budgets is illustrated in Fig. 2, 
Three classes of elements are shown: one with minimal net uptake relative to 
inputs (a non-essential element like sodium would fit this category), one with 
substantial but not complete net uptake (an essential but rarely limiting 
element such as magnesium), and one that is entirely taken up in the net bio- 
mass increment and may in fact limit the growth of biomass (nitrogen would fit 
this category in many temperate forests). This is an explicit statement of 
Vitousek and Reiners (1975) model, except that Fig. 2 incorporates the assump- 
tion that since carbon:element ratios are constant, the size of the net bio- 
mass increment is limited by nutrients. Vitousek and Reiners (1975) also 
recognized that carbon:element ratios in net ecosystem production vary during 
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Fig. 2. Changes in net ecosystem production (the difference between the lines 
in Fig. 1 above) during stand development, and consequent changes in 
losses of different classes of nutrients. Redrawn from Vitousek and 
Reiners (1975). 
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forest stand development. Leaves, twigs and fine roots (which have relatively 
high element concentrations) make up much of the net biomass increment in 
young stands, but only wood and (in some regions) humus contribute sub- 
stantially to net biomass increment later, Nonetheless, net storage in wood 
alone could be sufficient to affect nutrient losses from growing forests 
(Gorham 1961, Vitousek 1977). 


Does this conceptual model yield useful predictions despite its simplistic 
assumptions? I believe so. It predicts high nutrient availability and 
losses after disturbance, and such increases have long been known (cf 
Hesselmann 1917a,b; Romell 1935). The generalization that mature forests 
have "conservative" element cycles while disturbed sites have "open" cycles 
is often discussed (Odum 1969, 1983; Bormann and Likens 1979); this model 
provides a possible mechanism for such patterns, although other workable 
models have been proposed (cf Rice and Pancholy 1972). 


More importantly, this model predicts a result not predicted by others 

in suggesting that element losses from old-growth forests where net biomass 
increment is near zero should be greater than those from intermediate-aged 
forests with positive net biomass increments (Fig. 2), This prediction was 
developed and tested by Vitousek and Reiners (1975) and Leak and Martin 
(1975) in forests in the northeastern United States. Both found increased 
concentrations of nitrate and other ions in streams draining old-growth 
forests. Moreover, Vitousek and Reiners found no difference between old- 
growth and aggrading forests in concentrations of non-essential (i.e., 
sodium) or excess (i.e., sulfate in this acid precipitation - impacted area) 
elements, moderate differences for most essential elements, and the largest 
difference for nitrogen (Table 1). 


Vitousek and Reiners (1975) also interpreted the losses of nutrients to 
streamwater that occurred following devegetation (Likens et al. 1970) or 
commercial clearfelling (Pierce et al, 1972) in the region as reflecting 

the large negative net biomass increment after disturbance. The same ions 
that were present in elevated concentrations in streams draining old-growth 
forests were elevated to a greater degree in streams draining disturbed sites. 


Table 1. Mean growing-season concentrations of ions in streamwater draining 
5 intermediate-aged successional forests and 9 old-growth forests 
in New Hampshire. All sites had similar bedrock, elevation, and 
slope exposure; all were within 5 km of each other. Values in 
ueq/liter, + standard errors, * = difference significant at 
p < 0.05 


Ion Intermediate-aged Old-growth 
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NO37 8(1) 53(5)* 
Kt 701 13(1)* 
Mgt 24(2 40(5)* 
catt 36(2) 56(4)* 
vile 13(1) 15(1)* 
Nat 28(1) 29(3) 
s047 123(7) 119(5) 
si? 86(5) 75(7) 
1un/liter 


Vitousek and Reiners concluded that element storage in net ecosystem produc- 
tion is a major mechanism controlling element budgets of forest ecosystems. 
More recently, Martin (1979) found elevated growing season nitrate concentra- 
tions in a stream draining an old growth hardwoods watershed in the north- 
eastern United States, and Silsbee and Larson (1982) found 2.2 times more 
nitrate in high elevation southern Appalachian streams draining watersheds 
which had never been logged than in those which had been logged decades 
previously. Detailed population and community-level production and mineral 
cycling models yield the same conclusion (Bormann and Likens 1979). Other 
watershed studies have not found increased nutrient losses in old growth 
forests (cf Sollins et al. 1980, Gosz 1980b), although Myrold et al. (1982) 
suggested that denitrification could be responsible for substantial nitrogen 
losses in one such site. 


In contrast, many studies of the effects of clearfelling and other disturb- 
ances on element losses yield results which contradict the Vitousek and 
Reiners model. Nitrate losses to streams or groundwater generally increase 
following clearfelling, but the magnitude of increases is smal] in most 
sites (Vitousek and Melillo 1979) and delayed in many (Wiklander 1981, 
Krause 1982). Nitrogen losses would be expected to increase substantially 
following cutting because the amount of nitrogen circulated in intact forests 
is generally 10-100 X greater than annual outputs (Rosswall 1976), and a 
disruption of the cycle should cause large losses. In practice, though, 
losses of nitrogen (at least to streamwater) do not parallel losses of bio- 
mass (carbon) in either magnitude or timing in most disturbed sites. More- 
over, losses of other ions are often unaffected by clearfelling (cf Swank 
and Douglass 1977). High losses of nitrate and other ions shortly after 
clearfelling are observed in a few sites (Pierce et al, 1972, Wiklander 
1981) or more generally where disturbance is extreme (Nye and Greenland 
1960, Likens et al. 1970, Johnson and Edwards 1979), 


The simple conceptual model developed here thus has some utility, but it 
does not satisfactorily explain patterns of nutrient losses during stand 
development in most forests, If net ecosystem production is wel] below zero 
following disturbance, why aren't element losses substantially elevated in 
most forests? What modifications of the four initial assumptions would 
answer this question and yield a more realistic model? Al] the assumptions 
are simplistic in some sense, but which are incorrect in the most important 
ways? I will modify several of the initial assumptions below, and examine 
how the patterns of element losses derived from the altered assumptions com- 
pare with the results of empirical studies of the effects of disturbance on 
element losses, 


MODIFIED ASSUMPTIONS 


Element Mobilit: 


Not all elements are equally mobile in the soil, Monovalent anions are highly 
mobile in temperate soils (Wiklander 1976, Johnson and Cole 1980), Sulfate 
mobility is relatively high, but it can be reduced by adsorption on amphoteric 
soil sesquioxides (Couto et al, 1979), especially in highly weathered soils 
(Johnson et al, 1977, 1980). Phosphate is nearly immobile in most soils due 
to complexation by aluminum, iron, and calcium (Nye and Tinker 1977). 


In contrast, most cations are bound to exchange sites in the soil and hence 


are relatively immobile (not easily leached). An electrochemical charge 
balance must be maintained in the soil solution, however, so cations are 
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present in solution in amounts equivalent to anions. Exchangeably bound 
cations can be displaced from exchange sites by hydrogen ions accompanying | 
anions into a site (as in the case of sulfate or nitrate in acid precipitation- 
impacted areas) or generated as anions are formed (by C02 dissolution and 
dissociation for bicarbonate, by nitrification for nitrate) (Nye and Greenland 
1960, Johnson et al. 1977, Cronan 1980, Johnson and Cole 1980). 


Losses of cations from forests are thus controlled by anion supply and 
mobility, not by net cation uptake by or release from biomass (although 
biomass dynamics in relation to cation adsorption may be a dominant process 
in soil acidification - Andersson et al. 1980, Nilsson et al. 1982), Cation 
losses would thus be expected to follow the pattern in Fig. 2 only if anion 
losses did; even then, the proportion of the different cations lost would 
depend on their relative abundance on and affinity for exchange sites rather 
than their relationship to biomass dynamics. 


How do the fluxes of potentially mobile anions vary with stand development? 
Would any of them follow the pattern in Fig, 2? Sulfate does not, at least 
not in regions with substantial sulfate deposition, Sulfate concentrations 
(and in some cases total fluxes) decrease after disturbance in most temperate 
forests due to increased water percolating through the soil and perhaps to 
decreased inputs to the forest canopy (Eaton et al. 1978) and increased 
adsorption in the soil (Nodvin 1982), Bicarbonate concentrations can increase 
with increased decomposition after disturbance, especially if fire is the 
disturbance or is used in site preparation, and that could generate a pattern 
similar to Fig. 2, The data available to test this possibility are sparse, 
however (Snyder et al. 1975, Miller and Newton 1983). Nitrate could follow 
the predicted pattern closely, since nitrogen is circulated within forests 

in large amounts relative both to nitrogen outputs (Rosswal] 1976) and to 
most other elements. If nitrate production and loss increase substantially 
after disturbance, cation losses will increase as well (Likens et al, 1969); 
similarly, if nitrate losses are increased in old growth forests, cation 
losses will be elevated there. 


Element Storage 


Modifying the assumption that all elements are equally (and highly) mobile 

in soils forces the modification of the assumption that biomass is the only 
variable sink for elements. Biomass is the major source and sink for nitrogen, 
but cations can be added to and removed from soil cation exchange sites as a 
function of both biomass dynamics and the supply of mobile anions, Exchange 
sites thus constitute another important and variable storage for elements. 


This more realistic treatment of element mobility and storage considerably 
improves the conceptual model. It explains why phosphorus losses are 
generally low in all sites regardless of biomass dynamics, and why cation 
losses vary in the predicted manner (Fig. 2) only when anion losses do. 
Finally, it focuses attention on what controls nitrate losses over stand 
development. Why are such losses high in only a few sites (where they do 
cause high cation losses) despite the large negative biomass increment in 
all disturbed sites? 
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Element Ratios 


Biomass dynamics are not always so closely coupled with element cycling that 
carbon:element ratios are constant, That element:element ratios in plant 
tissues vary widely is well-established - carbon:nitrogen ratios in particu- 
lar have been shown to vary as a function of species, growth form, and 
nutrient availability (Hirose 1975, Ingestad 1979). Within forests, the 
efficiency (or utility) of nitrogen use (in g dry mass produced per unit 

of nitrogen taken up) increases with increasing leaf longevity and with 
decreasing nitrogen availability (Hirose 1975, Miller et al, 1976, Cole and 
Rapp 1980, Vitousek 1982), Nitrogen use efficiency can be high in sites with 
low nitrogen availability because more carbon is fixed per unit of nitrogen 
in trees, because the trees hold on to a unit of nitrogen longer through ever- 
greenness, and/or because nitrogen is more effectively reabsorbed from 
senescent leaves prior to abscission. The first two possibilities have been 
clearly demonstrated. Substantial evidence suggests that retranslocation is 
also greater in trees on nitrogen-poor sites (Stachurski and Zimka 1975, 
Miller et al. 1976, Turner 1977), but other studies report no such pattern 
(Chapin 1980, Staaf 1982). In either case retranslocation causes high carbon/ 
nitrogen ratios in litter as compared to active leaves, Much of the carbon 
fixed in low-nitrogen sites goes into structural and/or phenolic compounds; 
litter has particularly high levels in such compounds. 


On the other side of the cycle, decomposition does not necessarily lead to 

a proportional release of carbon and nitrogen any more than production leads 
to proportional uptake. Where carbon:nitrogen ratios in litter are low, as 
generally occurs in sites with high nitrogen availability, decomposers may 
release both carbon and nitrogen. In sites where plant litter has a high 
carbon:nitrogen ratio, however, decomposers are relatively nitrogen-deficient 
and immobilize nitrogen in their biomass, As a consequence, until some lower 
carbon:nitrogen ratio is reached, nitrogen accumulates in litter while carbon 
is released. The level where net nitrogen release occurs appears to be 
variable (Berg and Staaf 1981, 1983; Bosatta and Staaf 1982), but net 
immobilization occurs for a longer period of time and retains more nitrogen 
in substrates with high carbon:nitrogen ratios, 


Low nitrogen availability thus causes high carbon:nitrogen ratios in plants 
and litter, and these high ratios in turn cause reduced nitrogen mineraliza- 
tion and increased immobilization (Miller 1981). The lower "quality" of 
organic compounds produced in low-nitrogen sites (more polyphenols and lignin) 
could accentuate this interaction, which could develop into a positive feed- 
back cycle. 


Disturbance (such as clearfelling) in a site with low nitrogen availability 
would still cause increased decomposition and a negative net biomass incre- 
ment. Net nitrogen release could be delayed, however, by slow mineralization 
and by microbial immobilization of nitrogen. This "uncoupling" of biomass and 
element dynamics thus partially “uncouples" net ecosystem production and nitro- 
gen losses as well. 


In sites with high nitrogen availability, lower carbon:nitrogen ratios 

occur, causing decomposition to be more closely tied to net nitrogen minerali- 
zation. The net release of nitrogen from biomass in such sites would be 
expected to more closely mimic the pattern in Fig, 2, 


A similar approach can be used to describe the dynamics of other potentially 
limiting elements. Vitousek (in press) suggested that among tropical forests, 
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those that were lowest in phosphorus availability had the highest carbon/ 
phosphorus ratios in litterfall - ratios well in excess of any reported in 
northern temperate forests, Whether greater phosphorus use efficiency could 
cause lower phosphorus mineralization in the soil is not known - it is plau- 
sible, but the mechanisms of phosphorus mineralization are different enough 
from those of nitrogen (McGill and Cole 1981) that it cannot be predicted 
with confidence. 


Nitrate Production 


Nitrogen is released during decomposition as ammonium, which like other cations 
is relatively immobile in the soil. Before substantial amounts can be lost 
through either leaching or denitrification, it must be oxidized to nitrate. 

If nitrification is delayed, ammonium can accumulate in the soils of clearcut 
forests, thus preventing or delaying element losses despite substantial nitro- 
gen release (Robertson 19382, Krause 1982), The control of nitrate production 
in disturbed sites must be understood before element losses following disturb- 
ance can be predicted, 


Vitousek et al. (1982) examined the processes controlling nitrogen turnover, 
nitrate production, and nitrate losses in 17 North American forests. They 
found that nitrate production and loss were delayed in relatively infertile 
sites even in the presence of elevated ammonium concentrations, but that 
nitrate losses were rapid in the more fertile sites. They suggested that 
the pathway of nitrogen cycling in a forest prior to disturbance could 
control responses to disturbance, Their model is summarized in Fig. 3, At 
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Fig. 3. Pathways of nitrogen cycling in intact forest. In nutrient poor 
sites, much of the nitrogen cycles internally within trees and 
decomposers, With greater nitrogen availability, more nitrogen 
cycles through ammonium; with still greater availability it cycles 


' through nitrate. 
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low levels of nitrogen availability, foliar and fine root nitrogen concentra- 
tions are low, retranslocation of ‘nitrogen from senescing leaves may be 

greater, and decomposers are nitrogen-limited as described above, Disturbance 
would increase decomposition but net nitrogen mineralization would remain low, 


At intermediate levels of nitrogen availability, more nitrogen is released 
as ammonium, but there is strong competition for that ammonium pool among 
roots, mycorrhizae, heterotrophs and nitrifying bacteria. The nitrifying 
bacteria are poor competitors for ammonium (Jones and Richards 1977), and 
populations of nitrifiers are therefore reduced to low levels (Belser 1979). 
Disturbance in such a site would be followed by delays in nitrate production 
during which nitrifier populations would slowly grow and ammonium would 
accumulate. Vitousek et al. found ammonium accumulation following an 
experimental disturbance in 8 of 17 sites; Arp et al. (1980) and Krause 
(1982) also found a similar pattern following a softwoods clearfelling 
operation. The polyphenols and other recalcitrant compounds produced in 
relatively nutrient deficient sites (Lamb 1975, McKey et al. 1978) could 
alternatively cause this pattern by inhibiting nitrifying bacteria; more 
likely, the two mechanisms reinforce each other. As a consequence of this 
delayed nitrate production, delays in nitrate losses in infertile sites can 
continue long after net nitrogen mineralization leads to ammonium accumulation, 


In the most nutrient-rich forests, much of the nitrogen cycled moves along 
the outer pathway in Fig. 3. Nitrifying bacteria can maintain large popula- 
tions in an intact forest, and nitrate losses after disturbance can be 
swift and substantial. 


ELEMENT CYCLING AND STABILITY 


The revised conceptual model suggests that element losses like those pre- 
dicted in Fig. 2 are likely to be observed in relatively fertile sites, 
while losses would be much lower (and long-delayed) after disturbance in 
less-fertile sites. Infertile sites could thus be considered more resistant 
to perturbation (sensu Webster et al. 1975; Holling 1973 uses a different 
terminology for the same concepts). The “output signal" of such sites 
(nutrient losses following disturbance) is altered less by clearfelling than 
is that of more fertile sites, and infertile sites are thus more stable in 
this sense. 


Another component of stability is resilience (again sensu Webster et al, 

1975) - the rate at which the "output signal" returns close to its initial 
level after a given deflection.. It has been widely (and reasonably) specu- 
lated that the reestablishment of the internal soil-plant-microorganism 
nitrogen cycle following disturbance on a site occurs more rapidly on fertile 
sites, that the high levels of nutrients on such sites are partially respon- 
sible, and that the period during which net ecosystem production is negative 
is thereby reduced (Tamm et al. 1974, Bormann and Likens 1979, Vitousek et al. 
1979). If this is correct then infertile sites are generally less resilient 
than fertile sites, and therefore less stable in this sense, 


Overall, the pattern predicted for fertile sites is similar to that in Fig. 2 
and to Vitousek and Reiners' (1975) hypothesis, but the pattern expected for 
infertile sites includes low and long delayed element losses following dis- 
turbance (high resistance) and slow regrowth (low resilience), This pattern 
was in fact observed by Wiklander (1981), who found rapid, short-lived 
nutrient losses following clearfelling on high-quality sites, moderate and 
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somewhat delayed losses on intermediate sites, and low and long-delayed 
losses on low quality sites. 


CONCLUSIONS 


The original conceptual model has been modified to include more realistic con- 
trol of the mobility of different elements, variable element storage on cation 
exchange sites as well as in biomass, differences in carbon/element ratios of 
forest and litter depending on element availability, the control of nitrate 
production, and more rapid revegetation rates on fertile sites, It is still 
simplistic; many other modifications could make it more realistic, For 
example, inputs of elements to forest ecosystems are not constant across 
stand development - particles are more effectively filtered from the air by 
established forests (Mayer and Ulrich 1979, Lovett et al. 1982), Mineraliza- 
tion of organic phosphorus and some organic sulphur compounds may be partly 
or wholly uncoupled from decomposition (McGill and Cole 1981), Coarse woody 
detritus (not considered here) differs in importance at different stages of 
stand development (Graham et al. 1981, Sollins 1982), Finally, if primary 
succession were considered many other modifications would have to be intro- 
duced (Walker and Syers 1976, Gorham et al. 1979). 


Despite its simplicity, I believe that this model demonstrates that many of 
the important features of ecosystem-level nutrient budgets can be derived from 
a relatively small number of assumptions, Such an exercise leads to testable 
predictions about ecosystem dynamics, and the attempt to test these predic- 
tions can improve our understanding of how ecosystems function. 
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